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1TECHNICAL PUBLICATION
AN EXAMINATION OF SELECTED GEOMAGNETIC INDICES IN RELATION 
TO THE SUNSPOT CYCLE
1.  INTRODUCTION
 Over the years, a number of geomagnetc ndces have been devsed to descrbe the varaton of 
the	geomagnetic	field	in	response	to	the	changing	conditions	of	the	solar	wind	at	Earth.1,2 A few of these 
ndces, n fact, have been shown to relably predct the strength of the followng sunspot cycle several 
years n advance.3–14 It s ths aspect that wll be examned more closely n ths Techncal Publcaton.
 Ths study s dvded nto seven results sectons. Secton 2.1 examnes the observed yearly average 
values of the aa and Ap	geomagnetic	indices,	as	well	as	the	number	of	disturbed	days	(NDD),	defined	as	
those days when the Ap ndex equals or exceeds 25, all n relaton to annual sunspot number (R). The aa 
ndex was ntroduced by Mayaud n the early 1970s15,16	and	is	defined as the average of 3-hr K ndces 
converted	to	the	amplitude	of	the	field	at	two	nearly	antipodal	observatories	(in	England	and	Australia).	
The aa ndex, as derved by Mayaud, s avalable from 1868 to the present. Although Nevanlnna and 
Kataja17 have provded an extenson for the aa ndex back to 1844 usng Helsnk magnetc records, these 
extended values have not been used n the present study. Ap, or the daly equvalent planetary ampltude, 
s a daly ndex of geomagnetc actvty that s determned usng a lnear scale rather than the quas-
logarthmc scale of the K ndces. Values for t and NDD are avalable from 1932 to the present. (Yearly 
values of R, aa, and Ap can be found onlne at ftp://ftp.ngdc.noaa.gov/STP/.18)
 Secton 2.2 examnes the effects of suggested changes to the observed aa record. Svalgaard, 
Clver, and Le Sager19 derved a new geomagnetc ndex called the Inter-Hour Varablty (IHV) ndex 
for nvestgatons of the long-term varablty of the solar wnd-magnetosphere system and used t to 
reconstruct the observed aa record. For the nterval 1957–2000, they found yearly averages of ther proxy 
aa ndex (based on observatons at Cheltenham/Fredercksburg durng the two 3-hr perods between 
0 and 6 hr UT) and the IHV ndex to be vrtually the same, whle for the nterval precedng 1957, there was 
consderable dfference between the ndces. Hence, they concluded that values of the observed aa ndex 
pror to 1957 mght be naccurate.
 Secton 2.3 examnes annual mnmum values of aa, Ap, and NDD (aamn, Apmn, and NDDmn, 
respectvely) for each cycle n relaton to Rmax (the annual maxmum ampltude of the sunspot cycle), 
both	as	single-variate	and	bivariate	fits	(the	latter	fit	also	using	Rmn, the annual mnmum ampltude of 
the	sunspot	cycle).	Single-variate	and	bivariate	fits	previously	have	been	shown	to	reliably	predict	the	size	
of the ongong sunspot cycle some 2 to 3 years n advance.5
2 Secton 2.4 examnes cyclc averages (mnmum-to-mnmum based on R) of aa, Ap, NDD, and 
NSSC (the number of sudden storm commencements), denoted <aa>, <Ap>, <NDD>, and <NSSC>, 
respectvely, and the cyclc sums (the total number recorded over the sunspot cycle) of NDD and NSSC, 
denoted ΣNDD and ΣNSSC, respectvely, all n relaton to the cyclc average of R, denoted <R>, and 
Rmn and Rmax.
 Secton 2.5 examnes Apmax and the number of days when Ap equals or exceeds 100 and 200, 
denoted ND (Ap ≥ 100) and ND (Ap ≥ 200), respectvely.
	 Section	2.6	 identifies	 single-variate	 and	bivariate	 regressions	of	Ap, NDD, and Apmax aganst 
aa and aa and R, respectvely, for the nterval of 1932–2005. These regressons are then used to provde 
estmates of Ap, NDD, and Apmax pror to 1932.
 Secton 2.7 looks at epoch analyses of sunspot number and the varous geomagnetc parameters 
(aa, Ap, NDD, Apmax, and NSSC) relatve to E(Rmax) and E(Rmn) to determne when onset for cycle 24 
should be expected.
32.  RESULTS AND DISCUSSION
2.1  Geomagnetic Indices: aa, Ap, and NDD
 Fgure 1 dsplays the annual varaton of sunspot number R n (panel (a)), aa (panel (b)), Ap 
(panel (c)), and NDD (panel (d)). For R and aa, values are gven for 1868–2005, whle for Ap and NDD, 
values are gven for 1932–2005. The lower numbers refer to sunspot cycles 11–23. The thn vertcal lnes 
refer to the occurrences of the sunspot mnmum year for each of the sunspot cycles.
	 Inspection	of	figure	1	reveals	two	important	aspects	of	solar/geomagnetic	activity:		First,	there	has	
been a general rse n R and aa over the years and second, whle R usually s sngle peaked, aa (and Ap and 
NDD)	generally	has	two	or	more	peaks,	with	the	first	being	closely	associated	with	the	rising/maximum	
phase of the sunspot cycle and the other(s) occurrng durng the declnng porton of the sunspot cycle, 
often occurrng just pror to the onset of the new cycle. Hathaway, Wlson, and Rechmann20 prevously 
have shown that the secular trend n R s long-term, extendng from the Maunder mnmum. Also, Cllverd 
et al.,21 usng two long-runnng European statons (Sodankylä and Nemegk), have reconstructed the long-
term aa ndex and concluded that the trend n aa s real, nferrng a long-term ncrease n solar coronal 
magnetic	field	strength.	Indeed,	Wilson	and	Hathaway22 have reported that, on the bass of 10-yr movng 
averages, R and aa are hghly correlated (r = 0.933).
 In order to explan the later-occurrng peaks n the aa ndex (whch nearly always have been the 
largest of the cycle), Feynman23 suggested that two components comprse the aa ndexone that s n 
phase and correlated drectly wth the sunspot cycle and the other (the resdual) that s out of phase and 
assocated wth nterplanetary dsturbances from the Sun (hgh-speed solar wnd streams and the lke24). 
Fgure 2 plots aa versus R (panel (a)), Ap versus R (panel (b)), and NDD versus R	(panel	(c)).	The	identified	
lnes n each panel are those that allow for a determnaton of the nferred sunspot cycle component for 
the geomagnetc ndces by passng a lne through the two lowest ponts. Hence, all geomagnetc ndex 
values le ether on or above these lnes. By subtractng ths component from the observed value of the 
geomagnetc ndex, one nfers the value of the resdual nterplanetary component. (The technque employed 
here s slghtly dfferent from that employed n Hathaway, Wlson, and Rechmann13 and Hathaway and 
Wlson.14)
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6 Fgure 3 plots the resdual nterplanetary components of aaI (panel (a)), ApI (panel (b)), and NDDI 
(panel (c)), all plotted as the thn jagged lnes. The thcker, smoother lnes are 2-yr movng averages25 of 
the resduals (usng a weghtng of 1:2:1), and, as before, the lower numbers refer to the ndvdual sunspot 
cycles 11–23 and the thn vertcal lnes mark the occurrences of the sunspot mnmum years.
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7 Fgure 4 shows hstograms markng the frequency of occurrences for the maxmum ampltude 
of aaI (E(aaI max, panel (a)) and for the last occurrences of the local maxmums of aaI (E(aaI max (last), 
panel (b)), whch often also turns out to be E(aaI max) for most of the cycles (11, 12, 14, 15, 17, 18, 21, and 
22), n years relatve to the occurrences of E(Rmax). For E(aaI max), two cycles (11 and 16) have E(aaI max) 
2 yr after E(Rmax); four cycles (12, 13, 19, and 23) have E(aaI max) 3 yr after E(Rmax);	five	cycles	(14,	15,	
18, 21, and 22) have E(aaI max) 5 yr after E(Rmax); and two cycles (17 and 20) have E(aaI max) 6 yr after 
E(Rmax). For E(aaI max (last)), the bulk of the cycles (13, 14, 15, 18, 21, 22, and 23) have E(aaI max (last)) 
5 yr after E(Rmax).
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Fgure 4.  Hstograms of the frequency of occurrences for E(aaImax) 
 (panel (a)) and E((aaImax (last)) (panel (b)), relatve to the 
 elapsed tme n years from E(Rmax).
 Fgure 5 dsplays scatterplots of Rmn (cycle n + 1) versus aaI max (cycle n) (panel (a)); Rmn 
(cycle n + 1) versus ApI max (cycle n) (panel (b)); Rmn (cycle n + 1) versus NDDI max (cycle n) 
(panel (c)); Rmax (cycle n + 1) versus aaImax (cycle n) (panel (d)); Rmax (cycle n + 1) versus ApI max 
(cycle n) (panel (e)); and Rmax (cycle n + 1) versus NDDI max (cycle n) (panel (f)). In each panel, the 
small, downward-pontng arrow marks the parametrc value for cycle 23. For panels (b), (c), (e), and (f), 
no	statistically	significant	(confidence	level	(cl) ≥95 percent) lnear correlaton can be nferred between 
the parameters. For these, only the mean and standard devaton (sd) are shown. However, for panels (a) 
and	(d),	statistically	significant	positive	linear	correlations	are	inferred	(those	related	to	aaI max). Thus, 
gven aaI max = 26.1 for cycle 23, one nfers Rmn = 13 ± 4.9 and Rmax = 183.7 ± 46.3 for cycle 24, the next 
sunspot cycle. Both predctons are 90-percent predcton ntervals so, there s only a 5-percent chance that 
Rmn wll be smaller than 9.1 and Rmax wll be smaller than 137.4. Lkewse, there s only a 5-percent 
chance that Rmn wll be larger than 17.9 and Rmax wll be larger than 230.
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Fgure 5.  Scatterplots of Rmn (cycle n + 1) versus selected maxmum nterplanetary 
 components for cycle n (panels (a)–(c)) and Rmax (cycle n + 1) versus 
 selected maxmum nterplanetary components for cycle n (panels (d)–(f)). 
 See text for detal.
 Fgure 6 depcts scatterplots of Rmn (cycle n + 1) versus aaI max (last) (cycle n) (panel (a)); Rmn 
(cycle n + 1) versus ApI max (last) (cycle n) (panel (b)); Rmn (cycle n + 1) versus NDDI max (last) (cycle n) 
(panel (c)); Rmax (cycle n + 1) versus aaI max (last) (cycle n) (panel (d)); Rmax (cycle n + 1) versus ApI max 
(last) (cycle n) (panel (e)); and Rmax (cycle n + 1) versus NDDImax (last) (cycle n) (panel (f)). For panels 
(b)	and	(c),	no	statistically	significant	linear	correlation	can	be	inferred	between	the	parameters.	For	these,	
only the mean and sd	are	shown.	For	the	other	panels,	statistically	significant	positive	linear	correlations	
are nferred. Thus, gven aaI max (last) = 15 for cycle 23 (an assumed value, snce the values for 2006 and 
2007 are presently unknown, true also for ApImax (last) and NDDI max (last)), one nfers Rmn = 7.2 ± 5 
and Rmax = 117.5 ± 41.2 for cycle 24. Also, gven ApI max (last) = 5.8 and NDDI max (last) = 31 for cycle 
23, one nfers Rmax = 110.1 ± 38.4 and Rmax = 96.2 ± 35.6, respectvely, for cycle 24. These predctons 
clearly dffer wth the aforementoned predctons based on aaImax for cycle 23.
 Fgure 7 shows scatterplots of Rmn2 (cycle n + 1) versus aaI max2 (cycle n) (panel (a)), where 
the	subscript	2	refers	to	the	2-yr	moving	average	(shown	in	fig.	3	as	the	thicker	smoother	lines);	Rmn2 
(cycle n + 1) versus ApI max2 (cycle n) (panel (b)); Rmn2 (cycle n + 1) versus NDDI max2 (panel (c)); 
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Fgure 6.  Scatterplots of Rmn (cycle n + 1) versus selected last-occurrng 
 maxmum nterplanetary components for cycle n (panels (a)–(c)) 
 and Rmax (cycle n + 1) versus selected last-occurrng maxmum 
 nterplanetary components for cycle n (panels (d)–(f)). 
 See text for detals.
Rmax2 (cycle n + 1) versus aaI max2 (cycle n) (panel (d)); Rmax2 (cycle n + 1) versus ApI max2 (cycle n) 
(panel (e)); and Rmax2 (cycle n + 1) versus NDDImax2 (cycle n) (panel (f)). Only panels (a) and (d) are 
found	to	contain	a	statistically	significant	positive	linear	correlation,	both	having	higher	coefficients	of	
correlaton (r) and smaller standard errors (se)	than	for	either	of	the	unsmoothed	plots	(figs.	5	and	6).	Thus,	
gven aaI max2 = 18.6 for cycle 23, one nfers Rmn2 = 16.9 ± 4.8 and Rmax2 = 146.7 ± 30.5 for cycle 24, 
both predctons beng 90-percent predcton ntervals. Hence, there s only a 5-percent chance that cycle 
24’s Rmn2 wll be smaller than 12.1 or larger than 21.7, and there s only a 5-percent chance that 
cycle 24’s Rmax2 wll be smaller than 116.2 or larger than 177.2. The 90-percent predcton nterval for cycle 
24’s Rmn2 suggests that ts Rmn (the annual average value) wll be about 10.4 ± 3 and ts Rm (12-mo 
movng average, or smoothed monthly mean sunspot number mnmum ampltude) wll be about 9.4 ± 2.9. 
Smlarly, the 90-percent predcton nterval for cycle 24’s Rmax2 suggests that ts Rmax (the annual 
average value) wll be about 157.5 ± 31.8 and ts RM (12-mo movng average, or smoothed monthly mean 
sunspot number maxmum ampltude) wll be about 162.9 ± 33.5. Thus, these values suggest that cycle 
24’s actvty wll be greater than average (and larger than was seen for cycle 23), smlar n sze to that 
experenced n cycles 21 and 22.14,26,27
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Fgure 7.  Scatterplots of Rmn2 (cycle n + 1) versus selected 2-yr movng averages of the 
 maxmum nterplanetary components for cycle n (panels (a)–(c)) and Rmax2 
 (cycle n + 1) versus 2-yr movng averages of the maxmum nterplanetary 
 components for cycle n (panels (d)–(f)). See text for detals.
2.2  aa (adjusted) Geomagnetic Index
	 Recall	from	figure	1	the	long-term	rise	in	the	observed	aa ndex over tme, whch s also apparent 
n R, ths ndcatng a strong correlaton between the parameters. Indeed, as prevously mentoned, Wlson 
and Hathaway22 have noted that on the bass of 10-yr movng averages, aa and R are hghly correlated 
(r = 0.933). Also, as prevously mentoned, Svalgaard, Clver, and Le Sager19 n ther reconstructon of 
the observed aa ndex usng the IHV ndex found that, for the nterval of 1957–2000, both parameters are 
vrtually dentcal, whle for the nterval precedng 1957, the reconstructed aa (based on the IHV ndex) 
les above the observed aa. Hence, they concluded that the observed aa pror to 1957 mght be naccurate. 
(In 1957, the Northern Hemsphere (NH) magnetometer used n dervng the aa ndex was moved from 
Abnger, England, to ts present locaton n Hartland, England.)
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Fgure 8.  Varaton of selected parametrc dfferences, 1901–2000. 
  See text for detals.
 Fgure 8 shows the dfferences aa – aaCHL/FRD,	Δ1 (panel (a)); aaCHL/FRD – IHV,	Δ2 (panel (b)); 
and aa – IHV, Δ3 (panel (c)), where aa s the observed aa ndex value; aaCHL/FRD s the derved aa value 
based on observatons at Cheltenham/Fredercksburg durng the two 3-hr perods between 0 and 6 hr UT 
(whch represented the observed or proxy aa ndex n the Svalgaard, Clver, and Le Sager study19), and 
IHV s the reconstructed aa value, these latter two values taken from Svalgaard, Clver, and Le Sager. 
Across	the	top	of	the	chart	are	time	ticks	1–5,	corresponding	to	the	notes	given	to	the	right	of	the	figure.	
For example, note 1 says that values of IHV pror to 1915 are reduced 30 percent, as advsed n Svalgaard, 
Clver, and Le Sager; note 2 states that the Southern Hemsphere (SH) magnetometer was moved from 
Melbourne, Australa, to Toolangu, Australa, and so forth. Today, the NH magnetometer s located at 
Hartland, England, and the SH magnetometer s located at Canberra, Australa. These statons are now 
determining	the	official	aa ndex.
	 Inspection	of	figure	8	reveals	that	each	of	the	differences	appears	to	be	relatively	stable	from	1957	
onward,	averaging	about	2.3	for	Δ1,	0.1	for	Δ2,	and	2.3	for	Δ3. For the earler porton of the record, 1901–
1956,	Δ1	is	found	to	average	about	1.8,	Δ2	about	–3.1,	and	Δ3 about −1.3. The dfferences of the means, 
especially	for	Δ2	and	Δ3,	are	found	to	be	statistically	significant.	Hence,	an	offset-correction	appears	to	be	
needed	for	the	earlier	interval	(1901–1956),	one	being	about	3	for	Δ2	and	about	3.6	for	Δ3. 
12
 Fgure 9 repeats the analyss, but ths tme comparng aa, Ap, and IHV. Plotted are the dfferences 
aa – Ap	(Δ4) and Ap – IHV	(Δ5).	The	notes	at	the	top	of	the	chart	refer	to	the	notes	explained	in	figure	8.	For	
the	interval	1957–2005,	Δ4	averages	about	9.1	and	Δ5 averages about −6.7, whle for the earler nterval 
of 1932–1956, they average, respectvely, 6.8 and −7.5. So, t appears that, relatve to Ap, the aa ndex 
needs to be offset-corrected by 2.3 unts and, relatve to IHV, aa should be offset-corrected by about 3.1 
unts (= 2.3 + 0.8).
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Fgure 9.  Varaton of selected parametrc dfferences, 1932–2000. 
 See text for detals.
 Fgure 10 replots aa versus R, but ths tme addng n an offset value of 3 to the observed values 
of aa for all values of aa pror to 1957. In truth, whle slght offset-correctons mght be attrbutable after 
each movement of the NH or SH magnetometers, for smplcty sake, a unform correcton of 3 s used to 
account for the general dfference nferred between the earler (pror to 1957) and later aa datasets.
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Fgure 10.  Scatterplot of aa (adjusted) versus R.
 Fgure 11 replots the aaI component of the adjusted aa dataset,	following	the	format	used	in	figure	3. 
Whle the values of aaI (adjusted) are shfted upward, as compared to that shown for aaI	in	figure	3,	there	
remains	noticeable	in	both	figures	an	increase	in	the	value	of	aa. For example, for the nterval 1868–1956, 
the observed (unadjusted) aa averaged 17.17, whle for the nterval 1957–2005, t averaged 23.98, an 
ncrease of nearly 40 percent. Usng the adjusted aa,	for	the	first	interval,	it	averaged	20.17,	as	compared	
to 23.98 for the second nterval, an ncrease of about 19 percent. For the same two ntervals, aaR averaged 
9.69 and 12.06, nearly a 25-percent ncrease; aaR (adjusted) averaged 11.79 and 13.61, an ncrease of about 
15 percent; aaI averaged 7.48 and 11.92, an ncrease of about 59 percent; and aaI (adjusted) averaged 8.38 
and 10.37, an ncrease of about 24 percent. Thus, the ncrease n geomagnetc actvty appears real, beng 
seen n both the sunspot cycle component and the nterplanetary component, regardless of whether the 
data have been adjusted or not.
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Fgure 11.  Varaton of aaI (adjusted). The thck lne s the 2-yr movng 
 average of the resdual nterplanetary component.
 Fgure 12 plots Rmn2 (cycle n + 1) versus aaI (adjusted) max2 (cycle n) (panel (a)), where the latter 
parameter refers to the maxmum 2-yr movng average of the aaI (adjusted)	as	plotted	in	figure	11,	for	each	
cycle; and Rmax2 (cycle n + 1) versus aaI (adjusted) max2 (cycle n) (panel (b)). The downward-pontng 
arrow gves the value of aaI (adjusted) max2 for cycle 23, equal to 16.9. Thus, for cycle 24, the 90-percent 
predcton nterval for Rmn2 = 16 ± 4.7 and Rmax2 = 143.2 ± 23.2. These values are slghtly lower than 
what was gleaned usng the observed aa (unadjusted) values. In terms of Rmn and Rm, the 90-percent 
predcton ntervals for cycle 24 are 9.8 ± 2.9 and 8.8 ± 2.8. Smlarly, n terms of Rmax and RM, the 90-
percent predcton ntervals for cycle 24 are 153.8 ± 24.7 and 159 ± 25.5.
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Fgure 12.  Scatterplots of Rmn2 (cycle n + 1) versus aaI (adjusted)max2 (cycle n) (panel (a)) and 
 Rmax2 (cycle n + 1) versus aaI (adjusted)max2 (cycle n) (panel (b)). See text for detals.
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2.3  Single-Variate and Bivariate Fits Based on Parametric Minimum Values
 Fgure 13 dsplays cyclc values of Rmn (panel (a)); Rmax (panel (b)); aamn (panel (c)); Apmn 
(panel (d)); and NDDmn (panel (e)) for cycles 12–23. For aamn, Apmn, and NDDmn, these are the 
mnmum values found n the vcnty of sunspot mnmum (wthn 1 yr followng sunspot mnmum). Ths 
caveat s necessary because cycle 21 actually had lower values n 1980 durng the maxmum ampltude 
phase of the sunspot cycle, the only cycle n the entre record to have such an anomaly. Also, for aamn, 
two lnes are plotted: the values based on the observed record and the values based on the adjusted record. 
Additionally,	statistically	significant	regressions	are	given	for	Rmn, Rmax, and aamn (both observed and 
adjusted). For Apmn and NDDmn, only the mean and sd are gven.
 Fgure 13 clearly shows that over the course of cycles 12–23, there has been an apparent secular rse 
n Rmn, Rmax, and aamn. On the bass of these nferred trends, one estmates the 90-percent predcton 
nterval for each of the parameters to be Rmn = 12.3 ± 4.8 (or Rm = 11.2 ± 4.6), Rmax = 167.9 ± 55 (or 
RM = 173.3 ± 56.5), aamn (observed) = 20.6 ± 4.6, and aamn (adjusted) = 20.4 ± 5.2.
 Fgure 14 dsplays sngle-varate scatterplots of Rmax versus Rmn (panel (a)); aamn (panel (b)); 
Apmn (panel (c)); and NDDmn (panel (d)). Thus, observaton of the mnmum values of these parameters 
allows (at least for aamn, Apmn, and NDDmn) for the predcton of Rmax for the ongong sunspot cycle 
some 2–3 yr n advance. (Although nether plot of Rmax versus Rmn is	statistically	significant,	that	based	
on cycles 12–23 or that based on cycles 17–23, the regressons are shown because they wll be used n the 
next	figure	as	part	of	a	bivariate	fit.)
	 From	figure	14,	it	should	be	obvious	that,	if	cycle	24	has	an	aamn of about 20, as suggested by 
the lnear secular trend, then, clearly, one should expect an Rmax of about 160 or so for cycle 24. Such a 
value also suggests that Apmn should measure about 11 and NDDmn about 25 or so. Through July 2006, 
Ap has averaged only about 7, compared to 13.6 for the year 2005, and the total number of dsturbed days 
amounts to only 9, compared to 43 for the year 2005. Hence, ether these values wll substantally ncrease 
as the year progresses, especally n the fall of the year, or cycle 24’s values wll fall well below the 
means. It s nterestng to note that based on a presumed repeatng pattern of “below-above-above-below” 
observed n Apmn and NDDmn, one expects both Apmn and NDDmn to be “above” ther respectve 
means, suggestng that the latter half of 2006 mght be geophyscally qute actve. 
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Fgure 13.  Cyclc varaton of selected parameters. Notce the strong 
 secular ncreases n Rmn, Rmax, and aa.
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Fgure 14.  Scatterplots of Rmax versus selected mnmum values of the parameters.
 Fgure 15 shows scatterplots of Rmax (observed) versus Rmax (predicted)	on	the	basis	of	specific	
bivariate	 fits,	 where	 bivariate	 fit	 1	 (bv1) s based on Rmn and aamn (panel (a)); bv2 on Rmn and 
aamn (adjusted) (panel (b)); bv3 on Rmn and Apmn (panel (c)); and bv4 on Rmn and NDDmn (panel 
(d)).	For	the	various	fits,	the	one	having	the	smallest	standard	error	of	estimate	is	bv4. Thus, once Rmn and 
NDDmn are observed for cycle 24 (perhaps n 2007 or 2008), an alternate means for predctng Rmax for 
cycle 24 wll be avalable (havng a 90-percent predcton nterval measurng about ±15.5 unts of sunspot 
number).
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Fgure 15.  Scatterplots of Rmax	(observed)	versus	selected	bivariate	fits.	
 See text for detals.
2.4  Cyclic Averages and Sums
 Fgure 16 dsplays cyclc averages and sums, from sunspot mnmum to sunspot mnmum, of 
<R> (panel (a)); <aa>, both the observed and adjusted (panel (b)), where the dashed lne represents 
the adjusted values; <Ap> (panel (c)); <NDD> (panel (d)), where the dashed lne refers to ΣNDD; and 
<NSSC> (panel (e)), where the dashed lne refers to ΣNSSC. (<R> for cycle 11 excludes the year 1867 
value of R and all parameters for cycle 23 exclude the year 2006 values.)
 For <R>, <aa>, <aa> (adjusted), <NSSC>, and ΣNSSC,	 all	 display	 statistically	 significant	
upward lnear secular trends, gven by the regresson equatons. Thus, on the bass of the nferred trends, 
the 90-percent predcton nterval of the parameters for cycle 24 s <R> = 82.4 ± 29.5, <aa> = 26.5 ± 4, 
<aa> (adjusted) = 26.2 ± 4.2, <NSSC> = 35.2 ± 6.1, and ΣNSSC = 358 ± 62. Also, because of the presumed 
“below-above-above-below” pattern, one expects <Ap> to be above 14.8, <NDD> to be above 54.4, and 
ΣNDD to be above 563.
20
10
15
40
50
60
70
<A
p>
< N
D
D
>
15
20
25
30
35
<N
SS
C
>
400
500
600
700
150
200
250
300
350
Σ
N
SSC
Σ
N
D
D
24222018
Sunspot Cycle Number
161412
10
20
15
25
<a
a>
,<
aa
> 
(a
dj
us
te
d)
(adjusted)
y´
y
y
y’
y = 5.457 + 1.240x
r = 0.832, r 2 = 0.693
se = 3.37, cl>99.9%
y´ = 10.846 + 0.638x
r = 0.751, r 2 = 0.565
se = 2.33, cl>99.5%
<NSSC> (24)90 = 35.2 ± 6.1
<aa> (24)90 (adjusted) = 26.2 ± 4.2
y´ = 90.000 + 11.154x
r = 0.798, r 2 = 0.637
se = 34.26, cl>99.8%
ΣNSSC (24)90 = 358 ± 62
50
0(a)
(b)
(c)
(d)
(e)
100
<R
>
y
y = 2.468 + 3.331x
r = 0.637, r 2 = 0.406
se = 16.41, cl>98%
<R> (24)90 = 82.4 ± 29.5
mean = 54.4
     sd = 10.6
mean = 563
     sd = 86
mean = 14.8
     sd = 1.8
y = 3.495 + 0.958x
r = 0.870, r 2 = 0.757
se = 2.23, cl>99.9%
<aa> (24)90 = 26.5 ± 4.0
Fgure 16.  Varaton of cyclc averages of selected parameters.
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 Fgures 17 and 18 show comparsons of each of the parameters aganst Rmn (left panels) and 
aganst Rmax	(right	panels).	All	statistically	significant	regressions	(cl ≥ 95	percent)	are	identified.	Hence,	
once Rmn has been observed for cycle 24, one can use these regressons to estmate the cyclc parametrc 
averages (and sums). Lkewse, once Rmax has occurred, one can use these regressons to estmate wth 
greater accuracy the cyclc parametrc averages (and sums). (One can also use the secular estmates to 
estmate Rmn and Rmax for cycle 24. The secular estmate for <R> suggests that Rmn wll be about 14 
and Rmax about 160; the secular estmate for <aa>, whether adjusted or not, suggests Rmn wll be about 
15 and Rmax about 185; the secular estmate for <NSSC> suggests Rmn wll be about 15 and Rmax about 
190; and the secular estmate for ΣNSSC suggests Rmn wll be about 15 and Rmax about 200.)
	 A	peculiarity	noted	in	figure	18	is	the	cyclic	split	seen	in	<NSSC>	and	ΣNSSC. Namely, cycles 
11–16 and 17–23 appear to be grouped dstnctly from each other. Such groupngs renforce the noton 
that cycles of late have been more robust as compared to earler cycles. If the trend contnues, then 
cycle 24, lkewse, should be expected to be another robust cycle.26,28–30 (Another pecularty s the 
apparent “below-above-above-below” pattern notceable n <Ap>, <NDD>, and ΣNDD versus Rmn or 
Rmax	in	figs.	17	and	18,	which,	if	real,	suggests	above	average	values	for	cycle	24.)
 Fgure 19 shows the scatterplot of yearly counts of NSSC versus R. Planly, years of hgher R are 
assocated wth years of hgher NSSC, and vce versa, although even durng perods of low R (near sunspot 
mnmum), one stll expects to see about 10 or more sudden storm commencements.
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Fgure 17.  Scatterplots of cyclc averages of selected parameters aganst Rmn (left panels) and 
  Rmax	(right	panels).	The	numbered	filled	circles	refer	to	individual	sunspot	cycles.
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Fgure 18.  Scatterplots of addtonal cyclc averages and sums 
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Fgure 19.  Scatterplot of NSSC versus R.
2.5  Apmax, ND (Ap ≥ 100) and ND (Ap ≥ 200)
 Fgure 20 dsplays the yearly Apmax for the nterval 1932–2005. As before, the numbers at the 
bottom of the chart refer to sunspot cycles 17–23 and the thn vertcal lnes refer to the epochs of sunspot 
mnmum for each cycle. Notceable s that all cycles have two or more peaks of actvty, wth the largest 
Apmax values usually occurrng after Rmax (two exceptons: cycles 18 and 22). Also, all cycles have 
peak values n excess of Ap = 100 and all but one (cycle 20) had peak values exceedng Ap = 200, wth the 
hghest Apmax (= 280) occurrng n cycle 19 n November 1960 (after ts Rmax). For cycle 23, ts hghest 
Apmax occurred n October 2003 (= 204), the sxth hghest value on record.
 Fgure 21 depcts the scatterplot of Apmax versus R.	Although	there	is	a	statistically	significant	
postve correlaton between the parameters, assocatng hgher (lower) Apmax wth hgher (lower) R, one 
clearly sees that even when the sunspot cycle s near solar mnmum there s stll opportunty for large Ap. 
For example, for the 15 yr when R < 20, Apmax spanned 38 (cycle 23) to 202 (cycle 22), wth one-thrd of 
the years havng Apmax ≥ 100.
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Fgure 20.  Varaton of the annual maxmum daly Ap value, Apmax.
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Fgure 21.  Scatterplot of Apmax versus R.
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 Fgure 22 dsplays the scatterplot of Apmax versus Ap. Planly, hgher (lower) Apmax assocates 
wth hgher (lower) Ap and the assocaton s stronger (r = 0.67) than s found for R (r = 0.54). For Ap < 10, 
as yet, there has never been an Apmax ≥ 100. (82 has been the largest value of Apmax for Ap < 10.)
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Fgure 22.  Scatterplot of Apmax versus Ap.
 Fgure 23 shows the frequency of occurrence for E(Apmax),	defined	here	as	the	epoch	of	Apmax 
occurrence,	during	the	year.	Apparent	is	a	semi-annual	variation	of	the	geomagnetic	field,	with	two	
promnent peaks near the equnoxes and mnma near the solstces.31
 Fgure 24 gves the frequency of occurrence of E(Apmax) relatve to E(Rmax),	defined	here	as	the	
epoch of sunspot maxmum occurrence, for cycles 17–23. Most of the cycles have ther Apmax value 3 to 
4 years after E(Rmax), as has prevously been noted.
 Fgure 25 dsplays the cyclc varaton of Apmax (panel (a)), and ND (Ap ≥ 100) and ND (Ap ≥ 200) 
(panel (b)) for cycles 17–23. Clearly, cycle 19 has been the most geomagnetcally actve cycle on record, 
havng the hghest Apmax (= 280) and the largest ND (Ap ≥ 100) and ND (Ap ≥ 200) (39 days and 5 days, 
respectvely). All cycles have had at least 13 days (cycle 20) wth Ap ≥ 100, wth cycle 23 experencng 22 
such days so far, ncludng one day of Ap ≥ 200.
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 Fgure 26 depcts scatterplots of Apmax versus Rmn (panel (a)); Apmax versus Rmax (panel (b)); 
ND (Ap ≥ 100) versus Rmn (panel (c)); and ND (Ap ≥ 100) versus Rmax (panel (d)). Of the plots, only 
the	latter	is	found	to	show	a	statistically	significant	positive	linear	regression.	Thus,	given	the	size	of	an	
ongong sunspot cycle, one can crudely estmate the number of days durng that cycle when Ap ≥ 100. 
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2.6  Estimating Ap, NDD, and Apmax Prior to 1932
 Tables 1 and 2 dentfy sngle-varate (aganst aa or aa (adjusted)) and bvarate (R and aa or 
aa (adjusted)) regressons, respectvely, for Ap, NDD, and Apmax for the nterval 1932–2005. All 
regressions	are	highly	statistically	significant	and	might	prove	useful	 for	determining	estimates	of	Ap, 
NDD, and Apmax	for	the	earlier	 interval	1868–1931.	It	should	be	noted	that	 the	bivariate	fits	offer	no	
significant	improvement	over	the	single-variate	fits	based	on	aa or aa (adjusted) alone.
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Table 1.  Selected sngle-varate regressons for 1932–2005 (n = 74). 
Correlation r r 2 se cl (%)
Ap = –2.906 + 0.761aa
Ap = –4.806 + 0.808aa (adjusted)
NDD = –63.375 + 5.078aa
NDD = –77.194 + 5.438aa (adjusted)
Apmax = –37.966 + 7.121aa
Apmax = –47.403 + 7.213aa (adjusted)
0.947
0.970
0.926
0.957
0.657
0.642
0.896
0.942
0.857
0.916
0.431
0.412
1.32
0.99
10.32
7.91
40.59
41.26
>99.9
>99.9
>99.9
>99.9
>99.9
>99.9
Table 2.  Selected bvarate regressons for 1932–2005 (n = 74).
Correlation RY.12 R 
2
Y.12 SY.12
Ap = –2.684 + 0.733aa + 0.006R
Ap = –4.510 + 0.775aa (adjusted) + 0.007R 
NDD = –64.855 + 5.279aa – 0.044R 
NDD = –78.434 + 5.600aa (adjusted) – 0.037R
Apmax = –27.488 + 5.636aa + 0.332R
Apmax = –35.376 + 5.667aa (adjusted) + 0.352R
0.948
0.973
0.929
0.959
0.716
0.711
0.900
0.996
0.863
0.920
0.512
0.506
1.27
0.94
10.15
7.73
37.85
38.11
 Table 3 provdes the estmates of Ap, NDD, and Apmax for 1868–1931 usng the aforementoned 
regression	fits.	For	simplicity,	the	tabular	entries	for	NDD	and	Apmax have been rounded to the nearest 
whole	number.	Each	parametric	column	contains	two	numbers:	The	first	is	the	value	based	on	the	single-
variate	fit	and	the	second	is	based	on	the	bivariate	fit.	As	an	example,	for	1868,	the	entries	for	Ap are 10.9 
(single-variate	fit)	 and	10.9	 (bivariate	fit);	 for	Ap (adjusted),	 they	 are	12.3	 (single-variate	fit)	 and	12.2	
(bivariate	fit),	and	so	on.	To	obtain	the	90-percent	prediction	interval	for	the	estimate,	it	is	approximately	
1.668 tmes the approprate se	 for	 the	 single-variate	fits	 and	1.668	 times	 the	 appropriate	SY.12 for the 
bivariate	fits	 (given	 in	 tables	1	and	2).	Thus,	 for	Ap, the 1868 estmate s 10.9 ± 2.2	(single-variate	fit)	
and 10.9 ± 1.5	(bivariate	fit);	for	Ap(adjusted) t s 12.3 ± 1.7	(single-variate	fit)	and	12.2 ± 1.6, and so on. 
(The negatve numbers n table 3 for NDD should be nterpreted as 0 + 1.668 se or 0 + 1.668 SY.12, where 
se	 equals	 10.3	 or	 7.9	 for	 the	 single-variate	 fits,	 dependent	 upon	 using	 the	 observed	 or	 adjusted	 data,	
respectvely; SY.12	equals	10.2	or	7.7	for	the	bivariate	fits,	dependent	upon	using	the	observed	or	adjusted	
data.
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Table 3.  Parametrc estmates for 1868–1931. 
Year Ap Ap (adjusted) NDD NDD (adjusted) Apmax Apmax (adjusted)
1868 10.9 10.9 12.3 12.2 29 30 38 39 92 88 106 81
1869 12.9 13.0 14.4 14.5 42 42 52 52 110 114 124 126
1870 14.0 14.4 15.6 16.0 49 46 60 57 120 144 134 156
1871 13.3 13.6 14.8 15.1 45 43 55 53 114 130 128 142
1872 15.1 15.2 16.7 16.8 57 55 68 67 130 139 145 151
1873 12.5 12.5 13.9 13.9 39 39 49 49 106 108 120 119
1874 8.2 8.3 9.4 9.4 11 10 19 18 67 70 80 80
1875 5.6 5.6 6.7 6.6 –7 –7 0 0 42 41 55 51
1876 4.3 4.3 5.3 5.3 –15 –15 –9 –9 30 30 43 39
1877 3.9 3.9 4.8 4.8 –18 –18 –13 –13 25 27 38 36
1878 2.6 2.6 3.4 3.4 –27 –27 –22 –22 13 14 26 24
1879 2.4 2.5 3.3 3.3 –28 –28 –23 –23 12 14 25 23
1880 5.8 5.9 6.9 7.0 –5 –6 2 1 44 48 57 58
1881 7.4 7.6 8.6 8.7 6 5 13 12 59 67 80 78
1882 14.5 14.5 16.1 16.0 53 53 64 64 125 121 139 132
1883 10.4 10.5 11.8 11.8 26 25 34 34 87 92 101 103
1884 7.8 8.0 9.0 9.2 8 7 16 15 62 73 76 84
1885 8.8 8.9 10.1 10.1 15 14 23 22 72 77 85 87
1886 12.8 12.6 14.3 14.0 41 43 51 53 109 97 123 107
1887 9.6 9.4 10.9 10.6 20 21 28 29 79 69 93 79
1888 8.8 8.6 10.1 9.8 15 16 23 24 72 62 85 71
1889 6.6 6.5 7.7 7.5 0 1 7 8 51 45 64 55
1890 5.2 5.2 6.3 6.2 –9 –9 –3 –2 38 35 51 45
1891 10.0 10.0 11.4 11.2 23 23 32 32 83 80 97 91
1892 15.5 15.5 17.2 17.1 60 60 71 71 134 133 149 145
1893 10.0 10.3 11.4 11.6 23 21 32 30 83 97 97 108
1894 12.8 13.0 14.3 14.4 42 41 52 51 109 115 124 126
1895 10.9 11.0 12.2 12.3 29 28 38 37 91 96 105 107
1896 10.7 10.7 12.1 12.0 28 28 37 37 90 88 103 98
1897 7.4 7.4 8.5 8.5 5 5 13 13 58 57 72 67
1898 8.6 8.5 9.8 9.7 13 14 21 22 70 67 83 77
1899 7.1 7.0 8.2 8.1 3 3 10 11 55 50 69 60
1900 2.8 2.9 3.7 3.7 –25 –26 –20 –20 15 18 28 28
1901 1.7 1.7 2.5 2.5 –33 –33 –28 –28 5 7 18 17
1902 2.0 2.1 2.9 2.9 –30 –31 –26 –26 8 11 22 20
1903 6.1 6.2 7.2 7.2 –3 –3 4 4 47 48 60 58
1904 5.9 6.1 7.0 7.1 –5 –6 2 2 45 52 58 62
1905 8.4 8.6 9.7 9.8 12 11 20 19 68 78 82 88
1906 6.5 6.7 7.6 7.8 0 –2 7 6 50 60 64 71
1907 9.3 9.4 10.5 10.6 18 17 26 25 76 83 90 94
1908 10.0 10.1 11.4 11.3 23 23 32 32 83 84 97 95
1909 10.1 10.1 11.4 11.4 24 24 32 32 84 84 98 94
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Table 3.  Parametrc estmates for 1868–1931 (Contnued).
 
Year Ap Ap (adjusted) NDD NDD (adjusted) Apmax Apmax (adjusted)
1910 10.4 10.3 11.8 11.5 26 27 34 35 87 77 101 87
1911 9.1 8.9 10.4 10.1 17 18 25 26 75 64 88 73
1912 3.8 3.8 4.7 4.7 –19 –19 –13 –13 25 23 38 33
1913 3.6 3.6 4.6 4.5 –20 –20 –14 –14 23 21 36 31
1914 5.4 5.4 6.4 6.3 –8 –8 –2 –1 40 37 53 47
1915 9.0 9.0 10.2 10.2 16 15 24 24 73 76 87 87
1916 12.2 12.2 13.6 13.6 37 37 47 47 103 103 117 114
1917 10.9 11.3 12.3 12.6 29 27 38 36 92 110 106 121
1918 13.5 13.6 15.0 15.0 46 45 56 56 115 120 129 132
1919 14.1 14.1 15.7 15.6 50 51 61 61 122 120 136 131
1920 10.4 10.4 11.8 11.6 26 26 34 35 87 84 101 94
1921 9.7 9.6 11.0 10.8 20 21 29 30 80 74 93 84
1922 11.3 11.1 12.7 12.4 32 33 41 42 95 83 109 93
1923 4.9 4.8 5.9 5.8 –12 –11 –5 –5 35 32 48 42
1924 4.8 4.8 5.8 5.8 –12 –12 –6 –6 34 35 47 45
1925 7.0 7.1 8.1 8.2 3 2 10 9 55 61 68 71
1926 12.2 12.2 13.6 13.6 37 37 47 47 103 105 117 116
1927 9.7 9.9 11.0 11.2 21 20 29 29 80 89 94 100
1928 10.5 10.7 11.8 12.0 26 25 35 34 87 98 101 82
1929 11.8 11.9 13.2 13.2 35 34 44 44 100 103 113 114
1930 18.8 18.4 20.6 20.2 81 84 94 96 165 145 180 156
1931 9.8 9.7 11.1 10.9 21 22 30 31 81 74 95 84
2.7  Epoch Analyses
 Fgure 27 shows the comparsons between yearly averages of varous parametrc values for cycle 23 
(the	filled	circles)	and	the	mean	of	the	parametric	values	(the	line)	for	cycles	11–22	(for	R, aa, and NSSC) 
or 16–22 (Ap, NDD, and Apmax) for elapsed tme n years from E(Rmax) on the bass of epoch analyses. 
For R (panel (a)), cycle 23 appears to closely mmc the behavor of the mean of cycles 11–22, suggestng, 
perhaps, that mnmum ampltude for cycle 24 (ts onset) wll occur n year 7 followng cycle 23’s E(Rmax), 
ths year correspondng to 2007. The proporton of cycles havng E(Rmax)n + 1 sooner than year 7 s 3/12, 
whle the proporton havng E(Rmax)n + 1 n year 7 s 5/12 and the proporton havng E(Rmax)n + 1 n year 
8 s 4/12. All cycles havng E(Rmax)n + 1 n year 8 are cycles of longer perod (mnmum-to-mnmum 
duration	≥135	mo	on	the	basis	of	12-mo	moving	averages	or	smoothed	monthly	mean	sunspot	number),	
whle all cycles havng E(Rmax)n + 1 n year 7 are cycles of shorter perod (mnmum-to-mnmum duraton 
≤126	mo).	Those	having	E(Rmax)n + 1 n years 5 or 6 are a mxed bag, wth cycles 15 and 16 beng cycles 
of shorter perod and cycle 12 beng of longer perod. Now, mdway through 2006 (year 6), R has averaged 
only about 16. Ths value should become smaller as the year progresses, although t already s smaller 
than was seen n 5 of the past 6 cycles for comparson year 6 followng E(Rmax). Also, t s nearly wthn 
the 90-percent predcton nterval for Rmn based on cycles 11–22 (Rmn90 = 7 ± 7). So, presently, one 
cannot dscount that year 2006 mght ultmately be the mnmum ampltude year for cycle 24 markng ts
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Figure	27.		Comparison	of	cycle	23	parametric	values	(filled	circles)	and cyclc averages 
 (cycles 11–22 or 16–22) based on epoch analyses usng E(Rmax) as the 
 temporal marker. See text for detals.
onset. (It should be noted that, as yet, no new cycle spots have been seen, ths beng a crucal parameter 
for heraldng the onset of a new sunspot cycle.32–34)
 For aa (panel (b)), t too has mmcked the mean for cycles 11–22 rather closely, except for the 
value at year 3 from E(Rmax) whch s the hghest on record, beng nearly 2.5 standard devatons above 
the mean. The bulk of the cycles (6/12) have had E(aamn)n + 1 n year 8, correspondng to 2008, suggestng 
that mnmum ampltude occurrence for cycle 24 should be expected n 2007, snce E(aamn) usually 
follows E(Rmn) by 1 yr (true for 9 of 12 cycles).
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 For NSSC (panel (c)), agan, t too mmcs the mean for cycles 11–22, except now the value for 
year 3 from E(Rmax) s lower than any of the past 6 cycles, but wthn the observed range of values 
(9–49) for all known cycles. Half of the sunspot cycles had E(NSSCmn)n + 1 n year 6 from E(Rmax), 
correspondng to 2006. Snce NSSC s strongly correlated (r = 0.87) aganst R (fig.	19),	it	may	be	that	2006	
mght turn out to be the mnmum ampltude year for cycle 24. (It should be noted that cycle 21 had three 
consecutve years of NSSC = 20, n years 5, 6, and 7 from E(Rmax). Here, year 6 has been used as the 
mnmum value year.)
 For Ap (panel (d)), cycle 23’s values generally have been below that of the mean for cycles 16–22, 
except for the peak n year 3 from E(Rmax). However, whereas the peak at year 3 for aa s of record value, 
the value at year 3 for Ap s only the thrd largest, below that whch was seen for cycles 19 (23.7) and 21 
(22.6).
 For NDD (panel (e)), lke Ap, the values generally have been below the mean for cycle 16–22, 
except for year 3 from E(Rmax). The value of 113 dsturbed days, however, matches the hghest ever seen, 
havng occurred twce before n cycle 18 durng years 4 and 5 from E(Rmax).
 For Apmax (panel (f)), cycle 23’s values have been above the mean for every year except year 2 
from E(Rmax). Its maxmum value (Apmax = 204) occurred n year 3.
	 Figure	28	is	similar	to	figure	27,	except	now	the	comparison	epoch	is	E(Rmn)n + 1, meanng the 
epoch of the next cycle’s mnmum ampltude Rmin.	The	filled	circles	refer	to	cycle	23’s	parametric	values,	
drawn presumng that onset for cycle 24 wll be 2007, and the lnes represent the parametrc means. For R 
(panel (a)), the 90-percent predcton nterval for R n year –1 relatve to E(Rmn)n + 1 s R90 = 13.9 ± 11.1 
and, as already been mentoned, for year 0 relatve to E(Rmn)n + 1 t s 7 ± 7. (If eventually the year 2006 s 
recognzed as the mnmum ampltude year for cycle 24, then cycle 23’s parametrc values must be moved 
1 yr to the rght n all panels.)
 For aa (panel (b)), yearly values for cycle 23 are expected to contnue to declne through E(Rmn)n + 1 
(actually to the year followng the onset year for cycle 24). Certanly, f 2007 represents the mnmum 
ampltude year for cycle 24, then E(aamn)n + 1 for cycle 24 should be expected n 2008. (The proporton 
of cycles havng E(aamn) n the year followng E(Rmn) s 9/12.)
 For NSSC (panel (c)), all yearly values for cycle 23 are above the mean, except for year – 4 (2003). 
Its value (NSSC = 11) s more than two standard devatons below the mean and s outsde the range of 
prevously observed cycles, 14 – 49. On the other hand, one should note the sharp decrease n the mean 
at year –3. Should the low value of NSSC for the year 2003 be better assocated wth year −3 rather than 
– 4, ths mght be an ndcaton that the mnmum ampltude year for cycle 24 s 2006 rather than 2007. 
Assumng that the 2003 value of NSSC s year –3, ts value s now only one standard devaton below 
the mean and s wthn the range of prevously observed cycles, 9–37. The proporton of cycles havng 
E(NSSCmn)n + 1 at year –1 s 4/12 and 5/12 at year 0. (If one assumes the 2003 value represents the 
year –3 value from E(Rmn)n + 1,	 then	 the	 last	 filled	 circle,	 the	 2005	 value,	 occurs	 at	 year –1 from 
E(Rmn)n + 1.)
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 For Ap (panel (d)), all yearly values for cycle 23 are below the mean, except for year – 4 (2003). 
Its value (Ap = 21.7) s wthn the range of prevously observed cycles, whether one presumes t to be 
year – 4 (12.7 – 23.7) or year –3 (14.4 – 22.3). The proporton of cycles havng E(Apmn)n + 1 at year 1 
relatve to E(Rmn)n + 1 s 5/7.
 For NDD (panel (e)), all yearly values for cycle 23 are below the mean, except for year – 4 (2003), 
whch s outsde the range of prevously observed cycles (32–107). Its value (NDD = 113), however, s 
wthn the range of prevously observed cycles for years –3 (52–113) and –2 (40–113). The proporton of 
cycles havng E(NDDmn)n + 1 at year 1 relatve to E(Rmn)n + 1 s 7/7.
 For Apmax (panel (f)), all yearly values for cycle 23 have been above the mean, except for year –5 
(2002), although t s wthn the range of prevously observed cycles (73–236). Shftng the 2002 value (78) 
to year – 4, however, places t outsde the range of prevously observed cycles (136–280). The proporton 
of cycles havng E((Apmax)mn)n + 1 s 3/7 for year 0 and 4/7 for year 1 relatve to E(Rmn)n + 1.
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Figure	28.		Comparison	of	cycle	23	parametric	values	(filled	circles)	
 and cyclc averages (cycles 11–22 or 16–22) based on 
 epoch analyses usng E(Rmax)n + 1. See text for detals.
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3.  CONCLUSION
 Ths study has examned a varety of geomagnetc ndces n relaton to the szes and occurrences 
of	minimum	and	maximum	amplitudes	of	sunspot	cycles.	The	study	confirms	that	both	sunspot	number	
and the aa geomagnetc ndex have ncreased over tme, such that cycles of late are among the largest on 
record. Whle both sunspot number and the aa ndex s strongly correlated, there are dfferences between 
them. Namely, each sunspot cycle usually has a sngle peak, whle the aa ndex usually has two or more 
peaks, often wth the major peak occurrng durng the declnng porton of the sunspot cycle. 
 The aa ndex was decomposed nto two componentsone assocated drectly wth sunspot number 
R and the other beng the resdual nterplanetary component due to coronal holes and the lke. Plots of 
the resdual nterplanetary component, however, contnue to dsplay multple peaks durng the declnng 
porton of the sunspot cycle, wth the largest usually beng the last peak just pror to sunspot mnmum for 
the next sunspot cycle. The peaks, whether usng the largest or the last-occurrng peak, strongly correlate 
wth both the mnmum and maxmum ampltudes of the followng cycle, typcally several years n 
advance. Unfortunately, the multple peaks durng the declne of cycle 23 present a dlemma for estmatng 
the maxmum ampltude of the next cycle. Based on the maxmum value of the resdual for cycle 23, 
cycle 24 wll have Rmn90 = 13 ± 4.9 and Rmax90 = 183.7 ± 46.3, whle based on the last observed resdual 
peak, cycle 24 wll have Rmn90 = 7.2 ± 5 and Rmax90 = 117.5 ± 41.2, yeldng an overlap of 8.1–12.2 for 
Rmn and 137.4–158.7 for Rmax. The dlemma can be mtgated by applyng a 2-yr movng average to the 
resduals, thereby yeldng predctons of Rmn90 = 10.4 ± 3 and Rmax90 = 157.5 ± 31.8 for cycle 24, these 
annual averages equvalent to 9.4 ± 2.9 and 162.9 ± 33.5, respectvely, expressed as smoothed monthly 
mean sunspot number.
 In recent years, whle studes mantan that the aa ndex has ncreased substantally over tme, 
comparsons of t wth the IHV ndex suggest that values of the aa ndex pror to 1957 mght be somewhat 
inaccurate.	 In	 1957,	 the	 NH	magnetometer	 used	 for	 deriving	 the	 official	 aa ndex was moved from 
Abnger, England, to ts present locaton n Hartland, England. The offset for the earler aa values appears 
to measure about 3. Hence, by smply addng 3 to the observed values of aa, one can adjust aa, brngng 
the two dsparate datasets nto closer agreement. Dong so and repeatng the analyses results n predctons 
of Rmn90 = 9.8 ± 2.9 and Rmax90 = 153.8 ± 24.7 for cycle 24, these values equvalent to 8.8 ± 2.8 and 
159 ± 25.5, respectvely, expressed as smoothed monthly mean sunspot number. Usng the adjusted values 
for aa	 does	 not	 significantly	 alter	 the	 predictions	 of	minimum	and	maximum	amplitude	 for	 cycle	 24,	
although t does reduce the uncertanty by 3 percent for Rmn and 22 percent for Rmax.
 Once parametrc cyclc mnmum values are observed (usually, the mnmum values of the 
geomagnetc ndces occur n the year followng sunspot mnmum), one can use these mnmum values 
of the geomagnetc ndces to deduce wth hgher precson (±15.5 unts of sunspot number) the sze 
for	the	ongoing	cycle,	either	on	the	basis	of	single-variate	or	bivariate	fits	(where	the	bivariate	fits	also	
ncorporate Rmn). If the epoch of sunspot mnmum s the year 2006, one should expect the mnmum 
n the geomagnetc ndces n 2007. On the other hand, f the epoch of sunspot mnmum s delayed untl 
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2007, then the mnmum n the geomagnetc ndces should not be expected untl 2008, wth sunspot 
maxmum ampltude expected about 2–3 yr later. The best predctor of sunspot maxmum ampltude 
after the onset of the new cycle appears to be the one ncorporatng both NDDmn and Rmn (bv4), beng 
Rmax90 = 121.4 – 5.877 Rmn + 3.665 NDDmn ± 15.5 and havng r = 0.978 and r2 = 0.956, meanng that 
95.6	percent	of	the	variance	can	be	explained	by	the	bivariate	fit.	
 Each of the parameters Rmn, Rmax, and aamn dsplays a secular rse over cycles 12–23, 
such that values for cycle 24 are Rmn90 = 12.3 ± 4.8 (or Rm90 = 11.2 ± 4.6), Rmax90 = 167.9 ± 55 (or 
RM90 = 173.3 ± 56.5), and aa90 = 20.6 ± 4.6. Secular rses n Ap, NDD, or Apmax cannot be detected, owng 
to the brevty of these records (only about half as long as that for aa). 
 Fgure 29 shows the values for seven cycle-related parameters for the nterval of January 2005–
July 2006, ncludng R, aa, Ap, NDD, Apmax, NSD (the number of spotless days28,30,35 durng the 
month), and dmax (the maxmum daly value of sunspot number durng the month) (panels (a) through 
(g), respectvely). Plotted are the monthly means of each parameter, wth the horzontal lne drawn durng 
the year 2005 representng the yearly parametrc average. To the rght are yearly parametrc averages 
(90-percent probablty ntervals) durng the sunspot mnmum year. Clearly, values now beng experenced 
n the year 2006 suggest that cycle mnmum s mmnent; the yearly averages for 2006 are now fallng 
wthn the 90-percent probablty ntervals ndcatve of the sunspot mnmum year.
 In addton to the secular rses found for Rmn, Rmax, and aamn, cyclc averages (mnmum-to-
minimum)	for	some	of	the	parameters	are	found	to	show	statistically	significant	secular	increases	as	well.	
For cycle 24, <R>90 = 82.4 ± 29.5, <aa>90 = 26.5 ± 4, <NSSC>90 = 35.2 ± 6.1, and ΣNSSC90 = 358 ± 62. 
Also, based on a presumed nherent behavor (“below-above-above-below”), <Ap> wll be >14.8, <NDD> 
> 54.4, and ΣNDD >563 for cycle 24. Furthermore, cyclc averages for cycle 24 can be deduced from 
cycle 24’s Rmn and Rmax,	once	they	are	observed.	An	unexpected	finding	is	that	<NSSC>	and	ΣNSSC 
scatterplots cluster nto two dstnct cycle groupngs: 11–16 and 17–23.
 Concernng Apmax, all cycles are found to have had at least 1 day of Apmax ≥ 100 and all but 
one (cycle 20) had at least 1 day of Apmax ≥ 200. Opportuntes for large Apmax reman throughout the 
solar cycle, ncludng near sunspot mnmum. For the 15 yr when R was <20, Apmax spanned 38 to 202, 
wth one-thrd of the years havng at least 1 day of Apmax ≥ 100. Apmax ≥ 100 has never been seen when 
Ap < 10. Once Rmax for a sunspot cycle has been observed, the number of days that Apmax ≥ 100 can be 
easly estmated.
	 On	the	basis	of	the	statistically	significant	regressions	between	Ap, NDD, and Apmax aganst aa 
durng the nterval 1932–2005, estmates can be made for the earler nterval 1868–1931.
 Epoch analyses for each of the parameters suggest that sunspot mnmum year for cycle 24 probably 
s the year 2007, although one cannot, as yet, rule out the year 2006 as the sunspot mnmum year. For 
some	of	the	parameters,	a	better	fit	is	found	using	the	year	2006	as	the	sunspot	minimum	year,	while	for	
others,	the	better	fit	is	found	using	the	year	2007	as	the	sunspot	minimum	year.
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Fgure 29.  Parametrc values for 2005 and 2006.
39
REFERENCES
  1. Lncoln, J.V.: “I-3. Geomagnetc Indces,” S. Matsushta and W.H. Campbell  (eds.), Physics of Geo-
magnetic Phenomena, Vol. 1, Academc Press, New York, p. 67, 1967.
  2. Patel, V.L.: “14. Solar-Terrestral Physcs,” A. Bruzek and C.J. Durrant (eds.), Illustrated Glossary for 
Solar and Solar-Terrestrial Physics, Astrophyscs and Space Scence Lbrary, Vol. 69, D. Redel Publ. 
Co., Norwell, MA, p. 161, 1977.
  3.  Ohl, A.I.: “Forecast of Sunspot Maxmum Number of Cycle 20,” Solice Danie, Vol. 9, p. 84, 1966.
  4. Kane, R.P.: “Maxmum Sunspot Number Rz(max) n the Comng Solar Cycle No. 22—A Revsed 
Estmate,” Solar Phys., Vol. 122, p. 175, 1989.
  5. Wlson, R.M.: “On the Level of Skll n Predctng Maxmum Sunspot Number: A  Comparatve 
Study of Sngle Varate and Bvarate Precursor Technques,” Solar Phys., Vol. 125, p. 143, 1990.
  6. Thompson, R.J.: “A Technque for Predctng the Ampltude of the Solar Cycle,” Solar Phys., 
Vol. 148, p. 383, 1993.
  7. L, Y.: “Predctons of the Features for Sunspot Cycle 23,” Solar Phys., Vol. 170, p.  437, 1997.
  8. Bounar, K.H.; Clver, E.W.; and Borakoff, V.: “A Predcton of the Peak Sunspot Number for Solar 
Cycle 23,” Solar Phys., Vol. 176, p. 211, 1997.
  9. Jan, R.: “Predcton of the Ampltude of Sunspot Cycle 23,” Solar Phys., Vol. 176, p. 431, 1997.
10. Kane, R.P.: “A Prelmnary Estmate of the Sze of the Comng Solar Cycle 23, Based on Ohl’s Pre-
cursor Method,” Geophys. Res. Lett., Vol. 24, p. 1899, 1997.
11. Lantos, P.; and Rchard, O.: “On the Predcton of Maxmum Ampltude for Solar Cycles Usng Geo-
magnetc Precursors,” Solar Phys., Vol. 182, p. 231, 1998.
12. Rangarajan, G.K.; and Barreto, L.M.: “Use of Kp Index of Geomagnetc Actvty n the Forecast 
of Solar Actvty,” Earth Planets Space, Vol. 51, p. 363, 1999.
13. Hathaway, D.H.; Wlson, R.M.; and Rechmann, E.J.: “A Survey and Synthess of Solar Cycle Predc-
ton Technques,” J. Geophys. Res., Vol. 104, p. 22,375, 1999.
14. Hathaway, D.H.; and Wlson, R.M.: “Geomagnetc Actvty Indcates Large Ampltude for Sunspot 
Cycle 24,” Geophys Res. Lett., Vol. 33, L18101, do:10.1029/2006GL027053, 2006.
40
15. Mayaud, P.-N.: “Une Mesure Planétare d’Actvté Magnétque Basée sur Deux  Observatores Antp-
odaux,” Ann. Geophys., Vol. 27, p. 67, 1971.
16. Mayaud, P.-N.: “The aa Indces: A 100-Year Seres Characterzng the Magnetc Actvty,” J. Geo-
phys. Res., Vol. 77, p. 6870, 1972.
17. Nevanlnna, H.; and Kataja, E.: “An Extenson of the Geomagnetc Actvty Index Seres aa 
for Two Solar Cycles (1844 –1868),” Geophys. Res. Lett., Vol. 20, p. 2703, 1993.
18. Index of ftp://ftp.ngdc.noaa.gov/STP, ftp://ftp.ngdc.noaa.gov/STP/, cted June 2006.
19. Svalgaard, L.; Clver, E.W.; and Le Sager, P.: “IHV: A New Long-Term Geomagnetc Index,” Adv. 
Space Res., Vol. 34, p. 436, 2004.
20. Hathaway, D.H.; Wlson, R.M.; and Rechmann, E.J.: “Group Sunspot Numbers:  Sunspot Cycle 
Characterstcs,” Solar Phys., Vol. 211, p. 357, 2002.
21. Cllverd, M.A.; Clarke, E.; Ulch, T.; et al.: “Reconstructng the Long-Term aa Index,” J. Geophys. 
Res., Vol. 110, A07205, do:10.1029/2004JA010762, 2005.
22. Wlson, R.M.; and Hathaway, D.H.: “Examnaton of the Armagh Observatory Annual Mean Temper-
ature Record, 1844 –2004,” NASA/TP—2006–214434, Marshall Space Flght Center, AL, July 2006.
 
23. Feynman, J.: “Geomagnetc and Solar Wnd Cycles, 1900–1975,” J. Geophys. Res., Vol. 87, 
p. 6153, 1982.
24. Rchardson, I.G.; Cane, H.V.; and Clver, E.W.: “Sources of Geomagnetc Actvty Durng Nearly 
Three Solar Cycles (1972–2000),” J. Geophys. Res., Vol. 107, p. 1187, 2002.
25. Longley-Cook, L.H.: Statistical Problems, Barnes & Noble Books, New York, p. 175, 1970.
26. Dkpat, M.; de Toma, G.; and Glman, P.A.: “Predctng the Strength of Solar Cycle 24 Usng 
a Flux-Transport Dynamo-Based Tool,” Geophys. Res. Lett., Vol. 33, L05102, do:10.1029/
2005GL025221, 2006.
27. Hathaway, D.H.; and Wlson, R.M.: “What the Sunspot Record Tells Us About Space Clmate,” Solar 
Phys., Vol. 224, p. 5, 2004.
28. Wlson, R.M.; and Hathaway, D.H.: “On the Relaton Between Spotless Days and the Sunspot Cycle,” 
NASA/TP—2005–213608, Marshall Space Flght Center, AL, January 2005.
29. Wlson, R.M.; and Hathaway, D.H.: “An Examnaton of Sunspot Number Rates of Growth and Decay 
n Relaton to the Sunspot Cycle,” NASA/TP—2006–214433, Marshall Space Flght Center, AL, June 
2006.
41
30. Wlson, R.M.; and Hathaway, D.H.: “On the Relatonshp Between Spotless Days and the Sunspot 
Cycle: A Supplement,” NASA/TP—2006–214601, Marshall Space Flght Center, AL, August 2006.
31. Chapman, S.; and Bartels, J.: Geomagnetism, Vol. 1, Oxford Unversty Press, New York, NY, 1940.
32.	 Wilson,	R.M.:	 “On	 the	 Prospect	 of	Using	Butterfly	Diagrams	 to	 Predict	Cycle	Minimum,”	Solar 
Phys., Vol. 111, p. 255, 1987.
33. Wlson, R.M.; Hathaway, D.H.; and Rechmann, E.J.: “On the Behavor of the Sunspot Cycle Near 
Mnmum,” J. Geophys. Res., Vol. 101, p. 19,967, 1996.
34. Wlson, R.M.; Hathaway, D.H.; and Rechmann, E.J.: “An Estmate for the Sze of Cycle 23 Based on 
Near Mnmum Condtons,” J. Geophys. Res., Vol. 103, p. 6595, 1998.
35. Wlson, R.M., “On the Use of ‘Frst Spotless Day’ as a Predctor for Sunspot Mnmum,” Solar Phys., 
Vol. 158, p. 197, 1995.
42
 
REPORT DOCUMENTATION PAGE Form ApprovedOMB No. 0704-0188
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintain-
ing the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions 
for reducing this burden, to Washington Headquarters Services, Directorate for Information Operation and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office 
of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503
1.  AGENCY USE ONLY (Leave Blank) 2.  REPORT DATE 3.  REPORT TYPE AND DATES COVERED
4.  TITLE AND SUBTITLE 5.  FUNDING NUMBERS
6.  AUTHORS
7.  PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8.  PERFORMING ORGANIZATION
     REPORT NUMBER
9.  SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10.  SPONSORING/MONITORING
       AGENCY REPORT NUMBER
11.  SUPPLEMENTARY NOTES
12a.  DISTRIBUTION/AVAILABILITY STATEMENT 12b.  DISTRIBUTION CODE
13.  ABSTRACT (Maximum 200 words)
14.  SUBJECT TERMS 15.  NUMBER OF PAGES
16.  PRICE CODE
17.  SECURITY CLASSIFICATION
       OF REPORT
18.  SECURITY CLASSIFICATION
       OF THIS PAGE
19.  SECURITY CLASSIFICATION
       OF ABSTRACT
20.  LIMITATION OF ABSTRACT
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. 239-18
298-102
Unclassified Unclassified Unclassified Unlmted
An Examnaton of Selected Geomagnetc Indces n Relaton
to the Sunspot Cycle
Robert M. Wlson and Davd H. Hathaway
George C. Marshall Space Flght Center
Marshall Space Flght Center, AL  35812
Natonal Aeronautcs and Space Admnstraton
Washngton, DC  20546–0001
Prepared	by	the	Science	and	Exploration	Research	Office,	Science	and	Mission	Systems	Office
Unclassified-Unlimited
Subject Category 92
Avalablty: NASA CASI 301–621–0390
Prevous studes have shown geomagnetc ndces to be useful for provdng early estmates for the sze of the fol-
lowng sunspot cycle several years n advance. Examned n ths study are varous precursor methods for predctng 
the mnmum and maxmum ampltude of the followng sunspot cycle, these precursors based on the aa and Ap geo-
magnetc ndces and the number of dsturbed days (NDD), days when the daly Ap ndex equaled or exceeded 25. 
Also examned s the yearly peak of the daly Ap ndex (Apmax), the number of days when Ap	≥	100,	cyclic	averages	
of sunspot number R, aa, Ap, NDD, and the number of sudden storm commencements (NSSC), as well the cyclc 
sums of NDD and NSSC. The analyss yelds 90-percent predcton ntervals for both the mnmum and maxmum 
ampltudes for cycle 24, the next sunspot cycle. In terms of yearly averages, the best regressons gve Rmn = 9.8 ± 2.9 
and Rmax = 153.8 ± 24.7, equvalent to Rm = 8.8 ± 2.8 and RM = 159 ± 25.5, based on the 12-mo movng average (or 
smoothed monthly mean sunspot number). Hence, cycle 24 s expected to be above average n sze, smlar to cycles 
21 and 22, producng more than 300 sudden storm commencements and more than 560 dsturbed days, of whch 
about 25 wll be Ap	≥	100.	On	the	basis	of	annual	averages,	the	sunspot	minimum	year	for	cycle	24	will	be	either	
2006 or 2007.
52
M–1178
Techncal PublcatonDecember 2006
NASA/TP—2006–214711
Sun, sunspot cycle, solar cycle predcton, geomagnetc ndces
The NASA STI Program Office…in Profile
Since its founding, NASA has been dedicated to
the advancement of aeronautics and space
science. The NASA Scientific and Technical 
Information (STI) Program Office plays a key
part in helping NASA maintain this important
role.
The NASA STI Program Office is operated by 
Langley Research Center, the lead center for 
NASA’s scientific and technical information. The 
NASA STI Program Office provides access to 
the NASA STI Database, the largest collection of 
aeronautical and space science STI in the world. 
The Program Office is also NASA’s institutional 
mechanism for disseminating the results of its 
research and development activities. These results 
are published by NASA in the NASA STI Report 
Series, which includes the following report types:
• TECHNICAL PUBLICATION. Reports of 
completed research or a major significant 
phase of research that present the results of 
NASA programs and include extensive data 
or theoretical analysis. Includes compilations 
of significant scientific and technical data 
and information deemed to be of continuing 
reference value. NASA’s counterpart of peer-
reviewed formal professional papers but has less 
stringent limitations on manuscript length and 
extent of graphic presentations.
• TECHNICAL MEMORANDUM. Scientific 
and technical findings that are preliminary or of 
specialized interest, e.g., quick release reports, 
working papers, and bibliographies that contain 
minimal annotation. Does not contain extensive 
analysis.
• CONTRACTOR REPORT. Scientific and 
technical findings by NASA-sponsored 
contractors and grantees.
• CONFERENCE PUBLICATION. Collected 
papers from scientific and technical conferences, 
symposia, seminars, or other meetings sponsored 
or cosponsored by NASA.
• SPECIAL PUBLICATION. Scientific, technical, 
or historical information from NASA programs, 
projects, and mission, often concerned with 
subjects having substantial public interest.
• TECHNICAL TRANSLATION. 
 English-language translations of foreign 
scientific and technical material pertinent to 
NASA’s mission.
Specialized services that complement the STI 
Program Office’s diverse offerings include creating 
custom thesauri, building customized databases, 
organizing and publishing research results…even 
providing videos.
For more information about the NASA STI Program 
Office, see the following:
• Access the NASA STI Program Home Page at 
http://www.sti.nasa.gov
• E-mail your question via the Internet to 
help@sti.nasa.gov
• Fax your question to the NASA Access Help 
Desk at 301–621–0134
• Telephone the NASA Access Help Desk at   
301–621–0390
• Write to:
 NASA Access Help Desk
 NASA Center for AeroSpace Information
 7121 Standard Drive
 Hanover, MD  21076–1320
 301–621–0390
NASA/TP—2006–214711
An Examination of Selected Geomagnetic
Indices in Relation to the Sunspot Cycle
Robert M. Wilson and David H. Hathaway
Marshall Space Flight Center, Marshall Space Flight Center, Alabama
December 2006
National Aeronautics and
Space Administration
IS20
George C. Marshall Space Flight Center
Marshall Space Flight Center, Alabama
35812
